ABSTRACT. Single-element scanning techniques are widely used in the NDT industry and have seen a number of successful applications. They require moving the sensor in time-consuming raster scan to create two-dimensional scan patterns and several transducers are required to focus at different levels in the inspected material. However, phased array technology is an emerging NDI technology which offers means to focus the ultrasonic beam at different locations and steer it to reach defects at hidden parts in complex structures, hence, substantially reducing the scanning time and simplifying the scanning pattern by scanning electronically in milliseconds instead of scanning mechanically in a few seconds. The motivation of this work is to investigate and compare electronic and SAFT (synthetic focusing) of the ultrasonic waves using linear phased array transducers. Experimental tests were done on an aluminum block with side-drilled holes to simulate defects. Reduction of calculation time for the SAFT algorithm was achieved using beam width limitation. Experimental SAFT results and results from phased array system were compared. Practical SAFT advantages and limitations are then highlighted and requirements for better performance are discussed.
INTRODUCTION
Nondestructive Inspection (NDI) techniques are used to detect macroscopic discontinuities in structures during manufacturing and in service. Ultrasonic inspection is one of the most widely used NDI techniques and its application has been increasing rapidly over the last few decades as the electronic equipment became widely available.
Automated and manual ultrasonic techniques are rapidly becoming as popular as conventional radiographic techniques for many applications and especially for weld testing and aerospace applications where detection of small defects is required. However, for automated ultrasonic techniques, inspection cycle time and defect/data interpretation represent important factors. Although single-element scanning techniques are widely used, they require moving the sensor in time-consuming raster scan to create twodimensional scan patterns. However, with phased array techniques scanning is performed by electronically steering the ultrasonic beam by manipulating the driving pulse and the received signal (phase and amplitude) of each array element. With predetermined delays the acoustic energy is focused at one or more locations simultaneously. 
OPERATION OF PHASED ARRAYS
Focusing with phased arrays is obtained with emission in an array probe with multiple piezoelectric elements at predetermined delays. For example, to focus at a point, a curve across the aperture is required at which elements are triggered with the calculated delays considering the known velocity of the medium. The produced pressure fields from array elements will reach the desired location (point of focus) in phase and at the same time. Such manipulation allows dynamically focusing and steering the ultrasonic beam at one or more location simultaneously.
Focusing and steering is also achieved at the reception by applying the same delay pattern as in the transmit mode. Hence received signals are delayed accordingly and added in phase. Combining the manipulation of the driving/receiving pulses, linear scanning, sectorial scanning and dynamic depth focusing is achieved (Figure 2 ). Using these mode of scanning and focusing with phased arrays allows to circumvent problems associated with a fixed mechanical lens, as well as to eliminate all moving parts and avoid many problems related to coupling. 
SAFT: SYNTHETIC APERTURE FOCUSING TECHNIQUE
The principle of conventional SAFT is to extrapolate for each transducer position and provide the sum of energy reflected and transmitted at all transducer positions ( Figure  3 ). The extrapolation process, called back-propagation, sums up in phase signals received due to scattering on defects and signals received due stochastic noise are averaged. The great advantage of SAFT is the increase of lateral resolution, which becomes theoretically constant along the material depth [1] . Resolution evaluation is usually provided by the estimation of the PSF (Point Spread Function) width and height resulting from SAFT processing on a point-like defect response. SAFT lateral resolution depends on focusing depth and increases linearly with defect depth; however, the axial resolution depends on the applied pulse length [1] .
Image reconstruction and averaging effect is illustrated in Figure 4 . The wave field measured by a wide beam pulse-echo illuminating a point-like reflector Pi can be approximated by a hyperbola response. Each point of hyperbola SPI is responsible for a locus curve Q that indicates corresponding potential reflector positions in the reconstructed image. Averaging of the curves attached to measured hyperbola points will reveal reflector position PI. 
Image reconstruction and averaging effect is illustrated in Figure 4 . The wave field measured by a wide beam pulse-echo illuminating a point-like reflector P i can be approximated by a hyperbola response. Each point of hyperbola S Pi is responsible for a locus curve C j that indicates corresponding potential reflector positions in the reconstructed image. Averaging of the curves attached to measured hyperbola points will reveal reflector position P i . 
The formulation of the SAFT process as shown in Figure 3 can be written as:
where I(x,z) is the reconstructed image at P(x,z) and S(r,t) is the measured signal at the probe position 15 with propagation time ty.
Pij: Propagation path from rj to point i tti : Minimum probe position for point i Pi: Maximum probe position for point i
The presented time domain formulation of the SAFT process suffers from lengthy calculations and error accumulation from the digitized A-scans rounding-off process. Boundary reflections could also create phantoms in the reconstructed SAFT images. To avoid such errors and improve processing speed, digitized data can be transformed to Fourier domain (k x ,Ct)) where continuous phase shifts is applied instead of time shifts [2] . A two-dimensional image is then reconstructed using equivalent form of equation (1) in the Fourier domain
where S(k x ,0,/) is the 2-D Fourier transform of the acquired A-scans from scanning axis x and time t to angular wavenumber k x and frequency / and where V p is the phase velocity of the bulk wave. The frequency bandwidth of the system is represented by £1 , allowing reducing the number of calculations solely to the frequencies of interest. This process allows performing a transform from a time axis to a distance axis (z) using the information about the phase velocity of the waves. The whole process can be described by a 2-D Fourier transform from (x 9 t) to (k x ,f), followed by a discrete inverse Fourier transform from/to z using V p and finally, an inverse Fourier transform from k x to x. This formulation is based on the scalar diffraction theory, where the scanning line is seen as a synthetic aperture with its source being the acquired signals. The back-propagation process, described by the exponential term within the accolades, expresses a numeric, time-reversed propagation of the waves. 
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where I(x,z) is the reconstructed image at P(x,z) and S(r,t) is the measured signal at the probe position r j with propagation time t ij . p ij : Propagation path from rj to point i α i : Minimum probe position for point i β i : Maximum probe position for point i
The presented time domain formulation of the SAFT process suffers from lengthy calculations and error accumulation from the digitized A-scans rounding-off process. Boundary reflections could also create phantoms in the reconstructed SAFT images. To avoid such errors and improve processing speed, digitized data can be transformed to
where continuous phase shifts is applied instead of time shifts [2] . A two-dimensional image is then reconstructed using equivalent form of equation (1) in the Fourier domain
where ( )
is the 2-D Fourier transform of the acquired A-scans from scanning axis x and time t to angular wavenumber x k and frequency f, and where P V is the phase velocity of the bulk wave. The frequency bandwidth of the system is represented by Ω , allowing reducing the number of calculations solely to the frequencies of interest. This process allows performing a transform from a time axis to a distance axis (z) using the information about the phase velocity of the waves. The whole process can be described by a 2-D Fourier transform from ( ) t x, to ( ) f k x , , followed by a discrete inverse Fourier transform from f to z using P V and finally, an inverse Fourier transform from x k to x. This formulation is based on the scalar diffraction theory, where the scanning line is seen as a synthetic aperture with its source being the acquired signals. The back-propagation process, described by the exponential term within the accolades, expresses a numeric, time-reversed propagation of the waves. 
EXPERIMENTAL RESULTS
Experiments were conducted on 230x120x25 mm aluminum reference block with 1mm through the wall side-drilled holes (SDH) to simulate defects ( Figure 5) . A 32x128 Focus 1170 phased array system hosted with a manual scanner was used together with 64 elements, 10MHz linear array probe. The positioning control, ultrasonic phase delay control, data acquisition, display and analysis software are all are integrated into a single software package. 
Experiments were conducted on 230x120x25 mm aluminum reference block with 1mm through the wall side-drilled holes (SDH) to simulate defects ( Figure 5) . A 32x128 Focus R/D Tech phased array system hosted with a manual scanner was used together with 64 elements, 10MHz linear array probe. The positioning control, ultrasonic phase delay control, data acquisition, display and analysis software are all are integrated into a single software package. 
Linear Scan with Focusing at 40mm and 70mm Using a 32 Elements Aperture
Under this first experimental test, manual and electronic linear scan was carried out on the aluminum testing block using a 10MHz linear array with 32 active elements focused at 40mm (Figure 7d ). Figure 7a shows the results of this inspection and presents the obtained B-Scan. In this scan, the side-drilled holes were easily detected and their diameters were estimated from the obtained B-Scan image. As it is shown in figure 7b , the diameters of the first three holes were estimated between 6 to 7 times larger than the real diameters (1mm). However, the diameters of the SDHs in the region of the depth-of-filed (where the phased array beam is focused) were found to be 2 to 4 times bigger. Figure 7c shows the B-scan of the same scan with the array focused at 70mm. In this B-Scan, we can clearly see the complete SDHs pattern in the entire block due to deeper working range and penetration of the focused ultrasonic energy.
Linear Scan with Dynamic Focusing Using a 32 Elements Aperture
In the second experimental test, a linear scan with dynamic focusing through the thickness was performed. Using the same 10MHz linear array with 32 active elements, the ultrasonic beam was set to focus at 70mm depth and dynamically received starting from 10mm and ending at 110mm (Figure 8d ). Dynamic focusing is accomplished by focusing in one position while pulsing and summing the received ultrasonic pulses with proper delay compensations corresponding to the propagation time delays which form a moving focal spot through the thickness of the material (Figure 8d ). Figure 8a shows the results of this inspection and Figure 8b presents the estimated diameters of the SDHs. Higher spatial resolution was obtained with this experimental test. The estimated dimensions of the detected SDHs were more accurate than the simple focus setup. Figure 8c shows a B-scan with pulse dynamic focusing at 40mm, received at 10-110mm. In this case, we can observe better definition of the first group of holes and drop in the transmitted ultrasonic energy. 
Linear Scan with Focusing at 40mm and 70mm Using a 32 Elements Aperture
Linear Scan with Dynamic Focusing Using a 32 Elements Aperture
In the second experimental test, a linear scan with dynamic focusing through the thickness was performed. Using the same 10MHz linear array with 32 active elements, the ultrasonic beam was set to focus at 70mm depth and dynamically received starting from 10mm and ending at 110mm (Figure 8d ). Dynamic focusing is accomplished by focusing in one position while pulsing and summing the received ultrasonic pulses with proper delay compensations corresponding to the propagation time delays which form a moving focal spot through the thickness of the material (Figure 8d ). Figure 8a shows the results of this inspection and Figure 8b presents the estimated diameters of the SDHs. Higher spatial resolution was obtained with this experimental test. The estimated dimensions of the detected SDHs were more accurate than the simple focus setup. Figure 8c shows a B-scan with pulse dynamic focusing at 40mm, received at 10-110mm. In this case, we can observe better definition of the first group of holes and drop in the transmitted ultrasonic energy. Figure 9 shows direct comparison of the obtained scanning results from previous standard single point electronic focusing (figure 7b) and dynamic focusing (Figure 8b ).
Linear Scan with SAFT Reconstruction
Under this section, Fourier domain synthetic focusing was tested and compared with dynamic focusing results. Similar electronic linear scan with no focusing was carried out on the same aluminum block and array probe. Figure 9 shows direct comparison of the obtained scanning results from previous standard single point electronic focusing (figure 7b) and dynamic focusing (Figure 8b ).
Under this section, Fourier domain synthetic focusing was tested and compared with dynamic focusing results. Similar electronic linear scan with no focusing was carried out on the same aluminum block and array probe. Figure 10a shows the B-Scan with all wave fields (the scattered responses from the SDHs) recorded along the scanning aperture. Figure 9 shows direct comparison of the obtained scanning results from previous standard single point electronic focusing (figure 7b) and dynamic focusing (Figure 8b ).
Under this section, Fourier domain synthetic focusing was tested and compared with dynamic focusing results. Similar electronic linear scan with no focusing was carried out on the same aluminum block and array probe. Figure 10a shows the B-Scan with all wave fields (the scattered responses from the SDHs) recorded along the scanning aperture. Figure lOb shows the reconstructed SAFT B-Scan image. The SAFT result shows improved and constant lateral resolution along the beam axis, which gives better defect definition and size interpretation. Figure 11 shows a comparison between DDF and SAFT result for the first 9 SDH, while table 2 gives their measured diameters. These results are similar, although SAFT allows a better sizing of the holes. However, background noise is more important in the SAFT result, resulting from the process itself (false information created by coherent summations of the information of multiple holes).
CONCLUSION
In this work, we showed that electronic focusing allows fast inspection, good beam maneuverability; however, with DDF we demonstrated improved scanning resolution. We also compared defect characterization with simple electronic focusing and with dynamic depth focusing. With single point electronic focusing, sizing of defects were good around the selected depth-of-focus, however, results from DDF showed relatively better characterization of the detected defects and constant depth resolution.
With the synthetic focusing technique it was possible to provide better reconstruction of the defects compared to the DDF. Defect interpretation was easier and BScan results had good signal-to-noise ratio. With SAFT, we also achieved better lateral resolution allowing slightly better sizing of the defects. However, SAFT imaging was achieved off-line; where as DDF imaging was produced in real-time allowing fast scanning and dynamic beam focusing. Figure 10b shows the reconstructed SAFT B-Scan image. The SAFT result shows improved and constant lateral resolution along the beam axis, which gives better defect definition and size interpretation. Figure 11 shows a comparison between DDF and SAFT result for the first 9 SDH, while table 2 gives their measured diameters. These results are similar, although SAFT allows a better sizing of the holes. However, background noise is more important in the SAFT result, resulting from the process itself (false information created by coherent summations of the information of multiple holes).
With the synthetic focusing technique it was possible to provide better reconstruction of the defects compared to the DDF. Defect interpretation was easier and BScan results had good signal-to-noise ratio. With SAFT, we also achieved better lateral resolution allowing slightly better sizing of the defects. However, SAFT imaging was achieved off-line; where as DDF imaging was produced in real-time allowing fast scanning and dynamic beam focusing.
